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Abstract 

We perform a model independent analysis of the production of scalar and vector 
leptoquarks in the e~7 mode of a linear collider of the next generation. Since these 
leptoquarks are produced singly, higher masses can be probed than in other collider 
modes, like e + e~ scattering. We discuss the discovery potential and show how po- 
larization and angular distributions can be used to distinguish between the different 
types of leptoquarks. 
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1 Introduction 



The standard model of strong and electroweak interactions, though extremely 
successful in describing present day data, is known to be plagued by a num- 
ber of shortcomings. There is no doubt that it is merely the low energy limit 
of a more profound underlying theory. In particular, the peculiar similarities 
between the quark and lepton sectors and their miraculous anomaly cancel- 
lations are indicative of a deeper interconnection between these two types of 
particles. 

Many models have been proposed which establish a closer link between quark 
and lepton degrees of freedom. They generally involve a new class of fields 
which carry both lepton and baryon number and mediate lepton-quark tran- 
sitions. Such bosons can come in many combinations of the different quantum 
numbers and are generically called leptoquarks. They can, for example, emerge 
as composite scalar or vector states of techni-fermions |1| or preons 0. Lep- 
toquarks also arize naturally as gauge vectors or Higgs scalars in many grand 
unified models || or superstring-derived models {|. 

In principle, e~p scattering provides the privileged reaction for discovering 
leptoquarks. Direct searches at HERA [[|J| should be able to exclude lepto- 
quarks below ca 300 GeV and a coupling to leptons and quarks above 0.03e. 
The LEP-LHC combination could of course extend these limits much further 
and would also provide a powerful tool for discriminating different leptoquark 
types 0. However, today the most stringent limits still originate from low- 
energy experiments M. These bounds could be greatly improved at linear 
colliders of the next generation, though. In particular, the e + e~ mode is very 
promising because it can abundantly pair-produce leptoquarks even if their 
couplings to leptons and quarks are tiny ||. 

In this paper we consider the production of single leptoquarks in e~7 collisions, 
with laser backscattered photons. This reaction proceeds inevitably via the 
leptoquark-lepton-quark coupling, and may thus be suppressed if the latter 
is small. However, it may probe much higher leptoquark masses than the 
electron-positron annihilation |S| or photon-gluon fusion |5j processes, which 
necessarily need to produce two leptoquarks. Moreover, since the standard 
model backgrounds can easily be rendered harmless the data analysis should 
be exceedingly simple, in contrast to the electron-quark fusion reaction || . The 
angular distributions of the emerging leptoquarks have complicated patterns, 
which can be used advantageously to tell apart different types of leptoquarks. 



The study of scalar leptoquark production in e~7 collisions was first discussed 
in Ref. |1(J. Similarly, vector leptoquarks were considered in Ref. |lTJ. It was 
also shown |T2f that even kinematically inaccessible scalar leptoquarks can also 
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be probed this way if their couplings to fermions are large. For lighter scalar 



leptoquarks, it was pointed out |13| that substantial rates can be obtained 
even with Weizsacker- Williams photons in e + e~ scattering. Because of the 
hadronic content of the photon, leptoquarks can also be probed via electron- 
quark fusion in e~7 scattering ||14| . It was also shown that this resolved photon 



contribution may help determining leptoquark properties ||15|| . 



In the next section we introduce a model-independent framework for describing 
a large class of leptoquarks [|] and provide the analytical expressions of the 
integrated cross sections for producing the various types of leptoquarks. We 
then shortly review the generation and properties of the photon beam ||16|| . 
After this, we discuss the leptoquark discovery potential of e~7 scattering, 
which is conveniently summarized by Eq. fl2~T|). Finally, in the last section we 
discuss the possibility of determining the nature of the discovered leptoquarks 
with the help of polarized beams and at hand of their angular distributions. 



2 Cross sections 



Because of the large number of possible leptoquark types, it is important to 
perform an analysis which is as model-independent as possible. Therefore, 
to describe the leptoquark-lepton-quark interactions we use the most general 
SU(3) C ® SU{2) L £g> U{1)y invariant effective lagrangian of lowest dimension 
which conserves lepton (L) and baryon (B) number. It can be separated into 
two parts, each involving either leptoquarks which carry no fermion number 
F = 3B + L = 0, or leptoquarks with fermion number F = 2 §: 



C F =o = (h 2L u R £ L + h 2R q L ia 2 e R )R 2 + h 2L d R l L R 2 (1) 
+ {himLl^h + hmdR^eRjU^ + hiRUR^eRU^ 

+ h.c. 

£f=2 = (giLQli^L + 9iRU c R e R )Si + gmd^ejiSt (2) 

+ (92Ld R ^£ L + g2R(f L ^t R )V 2ll + ~g 2 LU R in L V^ 
+ h.c. 

where the cr's are Pauli matrices, while qi and t-^ are the SU (2) L quark and 
lepton doublets and u R , d R , £ R are the corresponding singlets. The subscripts 
of the leptoquarks indicates the size of the SU(2)l representation they belong 
to. The R- and S'-type leptoquarks are spacetime scalars, whereas the U and 
V are vectors. Family and colour indices are implicit. 
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Since all these leptoquarks carry an electric charge, they must also couple to 
the photon. These interactions are described by the kinetic lagrangians for 
scalar and and vector bosons 



scalars 



(3) 



C J=1 = £ --(D^-D^YiD^-D^^ + m 2 ^ (4) 

vectors 



with the covariant derivative 



D„ = da- ieQA 



(5) 



where $ and A are the leptoquark and photon fields, m and Q are the lepto- 
quark mass and electromagnetic charge and e is the electromagnetic coupling 
constant. This lagrangian describes the minimal vector boson coupling, typi- 
cal of a composite leptoquark. If, however, the vector leptoquarks are gauge 
bosons, an extra Yang-Mills piece has to be added in order to maintain gauge 
invariance 0: 



(6) 



vectors 



Ignoring the resolved photon contributions, the following leptoquark reactions 
are possible to lowest order in e~7 collisions: 



J = : 



F = : { 



e R 7 -> u L R 2 



J = 1 : I 



5/3 



di R 2 



-2/3 



fV- 5/3 

e R 7 -»• u R U x 

d R U[ 2/3 



e L 7 U R R 2 

dn R 2 2/ 



5/3 



5/3 



e L 7 -> u L 

d L t/r 2/3 



d L U 3 



-2/3 



3 



J = : I 



e Rl -> U R S l 

d>R S 1 



-1/3 
•4/3 



e L 7 



J= 1 : I 



e R 7 



e L 7 



- a-l/3 

> m l Si 

- a-l/3 

dx ^ 4/3 
d R V 2 ~ i/3 



The superscripts of the leptoquarks indicate their electromagnetic charge. The 
typical s-, t- and w-channel Feynman diagrams for the F = and F = 2 
leptoquark production are shown in Fig. |l|. The cross sections, though, do not 
depend explicitly on this quantum number. 

There are 24 different types of processes, depending on whether the pro- 
duced leptoquark is a scalar, vector or gauge boson, whether it couples to 
right- or left-handed leptons and what is its electromagnetic charge (Q = 
— 1/3, —2/3, —4/3, —5/3). The differential cross sections are lengthy and we 
do not report them here. We agree with the unpolarized expressions reported 
in Refs [0,0,0] 2 , though. 



Let us define 

,2 



m 



x 



(7) 



where m is the leptoquark mass and s is the centre of mass energy squared. 
We also use the generic leptoquark coupling A to the electrons and quarks, 
and denote the electron and photon polarizations P e and P 7 . We find for the 
integrated scalar cross sections 



<r(J = 0) 



± P~< 



3ira 2 



\±p P 



X 



2s \e J 2 
| (- (3 + 4Q) + (7 + 8Q + 8Q 2 ] .<■ 
+4Q (Q - (2 + Q) x) xlnx 

-2(1 +Q) 2 (l -2x + 2x 2 



'1-x) 



In 



m 2 / s 



7+12Q + AQ 2 ) + 3x 
+4Q 2 x In x 



1-x) 
1-x) 



The colour factor is not explicitly stated in Refs |10| , |12 |. 
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>2,, , , '"q/ S 



-2 (1 + QY (1 - 2x) In 



x 



The unpolarized part (P e = -P 7 =0) of this expression agrees with the result 
reported in Ref. |TB[, up to the colour factor, which we include explicitly here. 
The vector cross sections are 



a(J=l) 



3na 



i±p P 



X 



(9) 



(Q 2 + (8 - 16Q - Q 2 ) x + 8 (7 + 8Q + 8Q 2 ) x 2 ) (1 - x) 
-4Q(Q + (8 + 3Q)x-8Qx 2 + 8(2 + Q)x 3 ) lnx 

-16(1 + QY (l -2x + 2x 2 ) xln 



m 2 /s 



3Q 2 + (40 + 48Q + 63Q 2 ) x + 24x 2 ) (1 - 
-4Q (-3Q + 8 (3 + Q) x) xlnx 

+16(l + Q) 2 (l-2x) xln- q/ 



x 



Finally, if the vector is a gauge field, we have 



a YM (J 



3na z 



A 



1±P P 



2 \ 2 
1 X 



± P. 



(4Q 2 + (1 - 4Q) s + (7 + 8Q + 8Q 
-4Q (2-Qx + (2 + Q) x 2 ) xhix 

-2 (1 + Q) 2 (l - 2x + 2x 2 ) x In g — 

v ' (1 — x) 

((5 + 4Q + 12Q 2 ) + 3x)x (1 - x) 

+AQ{Q-{A + Q)x) xhix 

m 2 /s 



-2 (1 + QY (1 - 2x) xln 



x 



:i-x) 



(10) 



The electron and quark masses have been set equal to zero everywhere to derive 
Eqs (p|-|lO|), except in the squared ^-channel matrix elements. It is essential to 
perform the calculation of these terms with a finite quark mass, because it 
regulates the singularity which occurs when a leptoquark is emitted in the 
direction of the incoming electron. The approximation lnm 2 /s/(l — x) 2 we 
have written for this w-channel logarithm stays more than accurate up to 
within a few quark masses from the threshold. It is straightforward to compute 
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the full expression |13|]. Moreover, the integration in the backward direction 
introduces non- vanishing contributions of the order 0(m^/m^) to the non- 
logarithmic parts of the cross sections (|8|-[T0])p^~|. 

The threshold behaviour of the cross sections, around x — 1, mainly depends 
on the w-channel singularity and on the electron and photon relative polariza- 
tions: 



x 



1 : < 



<t(J = 0) ex (1 + Q) 2 (lTP<r)0-±Pe) 
er(J=l) oc 2(1 + Q) 2 (l±P 7 )(l±P e ) 



The scalar cross section quickly drops to zero for like-sign initial state elec- 
trons and photons polarizations, whereas the vector cross section is suppressed 
when these polarizations have opposite signs. For equal couplings, the vector 
threshold cross sections are twice as intense as the scalar ones. 

In the asymptotic region, for x — 0, the J = and J = 1 leptoquarks also 
display very different behaviours. Whereas the scalar cross sections decrease 
like 1/s, the vector cross sections eventually increase like Ins. If the vectors 
are gauge fields, though, their cross sections saturate for large values of s. 



3 Photon Beams 



The cross sections (|§-|TIJ) still have to be folded with a realistic Compton 



backscattered photon spectrum [IC 



dTi(x) 
dx — - — a(xs) 
dx 



(12) 



where the probability density of a photon to have the energy fraction x = 
£ 7 /£bcam is given by 



dn(x) 
dx 



1 

Jr 



| 1-X + 

^~ PbeamPlaser 



1 



Ax 



1 — x z(l 
x(2 — x) 
1 — X 



+ 



Ax 2 



x) z 2 (l 
2x 



X 



z(l — x) 



- 1 



(13) 



3 I am very much indebted to David London and Helene Nadeau for pointing this 
out to me. 
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where 



. . z 3 + 18z 2 + 24z + 8 / 4 8, IM 

* = ^77-^ + ( 1 " Z ~ "J ) ln ( X + z ) ( 14 ) 



z 



~t" P beam P laser 
4-£/beam -^laser 



2z(z + l) 2 

2 -(ITIF-( 1 + l) lll(1 + 2) 



(15) 



m e being the mass of the electron, 

By design, the energy fraction x of the photons is limited from above to 

2 + 2V2 . , 

Xmax = 3T271 ~ 0,82 (16) 

in order to prevent electron-positron pair-production from photon rescattering. 
In practice, it is also limited from below, because only the harder photons are 
produced at a small angle with respect to the beam-pipe according to 



e y (x)^-p-J^-z-i. (17) 

-'-'beam ' X 



The softer photons are emitted at such large angles that they are bound to 
miss the opposite highly collimated electron beam. Assuming a conversion 
distance of ca 5 cm and a beam size of 500 nm diameter, the lower bound we 
adopt for the photon energy fraction is 

x min = .5 . (18) 

Of course, if the beams are very flat, this cut-off will be somewhat softened 
out. However, in the threshold region is has no effect. When it sets in, at 
s = m 2 /x m i n = 2m 2 , it is visible on the plots of Fig. |3] as a slight kink in the 
slopes. 

The polarization of the backscattered photons is given by 

p (x) = Pl aser C(2 - 2X + X 2 ) + PbeamZ(l + Q 

7W (1 ~X)(2-2X + X 2 ) - AX(Z -ZX- X)/Z 2 - P b eamiW^(2 - x) 

with 

C = 1 - x(l + l/z) . (20) 



All these features of the Compton backscattered photon beams are displayed 
in Fig. |^. In particular, it appears that if the signs of the polarizations of the 
laser and the Compton scattered electron beams are chosen to be opposite, we 
obtain the most intense, hard and highly polarized photon beam. We adopt 
this choice throughout the rest of this paper. 



4 Leptoquark Discovery Limits 

To present our results, we have chosen to work with a quark mass in the it- 
channel propagator m q = 10 MeV. Since the dependence of the cross sections 
on this mass is only logarithmic, the error does not exceed a few % and is 
mainly confined to the immediate threshold region. We also assumed both the 
unaltered and the Compton scattered electron beams to be 90% polarized. 
This should be fairly easy to realize at a linear collider of the next generation. 

In Fig. |3| we have displayed the behaviours of the cross sections (§-[[1]) as func- 
tions of the collider centre of mass energy. For the purpose of these plots, we 
have set the leptoquark-electron-quark coupling equal to the electromagnetic 
coupling constant A = e. 

In general, leptoquarks which are produced in the reactions (|8|-|1(|), will de- 
cay into a charged lepton and a jet with a substantial branching ratio. If the 
leptoquarks are bound to a single generation, the decay lepton is an electron. 
Around threshold, the ^-channel pole is dominant, so the quarks and lepto- 
quarks are mostly produced at very small angles from the beampipe. Since 
the leptoquarks are almost at rest, most of the electron and quark into which 
they decay are emitted at large angles. The leptoquark signature is thus a low 
transverse momentum (or even invisible) jet, and a high transverse momentum 
electron and jet pair whose invariant mass is closely centered around the lep- 
toquark mass. Away from threshold, the w-channel is no longer dominant, and 
the leptoquark signature becomes a high transverse momentum electron and 
pair of jets, where the electron and one of the jets have a combined invariant 
mass close to the leptoquark mass. 

If all jet pairs with an invariant mass around the Z° mass are cut out, there is 
no Z° Compton scattering background. The next order background which then 
subsists is the quark photoproduction process e~7 — > e~qq. This background, 
though, will not show any peak in the electron-jet invariant mass distribution 
at the leptoquark mass, and can moreover be drastically reduced by requiring a 
minimum transverse momentum for the electron. If one allows for leptoquarks 
which couple equally well to different generations, the final state can contain 
a muon instead of an electron. In this case, of course, there is no standard 
model background at all. 
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To estimate the leptoquark discovery potential of e~7 collisions, we have plot- 
ted in Fig. [| the boundary in the (julq, X/e) plane, below which the cross 
section er( J = 1, Q — —5/3) in Eq. fllOD yields less than 10 events. For this we 
consider four different collider energies and assume 10 fb _1 of accumulated lu- 
minosity. In general, as can be inferred from Eq. (|Tl|), these curves are closely 
osculated by the relation 

A m/TeV / n . , . 

_ = o.03 / \ f 7 ,^, n \2 ™<V^ , 21 



where A is the leptoquark's coupling to leptons and quarks, m its mass, Q its 
charge, J its spin, n is the required number of events and £ is the available 
luminosity. This scaling relation provides a convenient means to gauge the 
leptoquark discovery potential of e"7 scattering. It is valid for leptoquark 
masses short off 80% of the collider energy and assumes the electron beams to 
be 90% polarized (|P e | = .9) while the chirality of the fully polarized photon 
beam is chosen such as to enhance the threshold cross section (cf. Eq. flTT|)). 

In comparison, the best bounds on the leptoquark couplings which have been 
derived indirectly from low energy data H are no better than 

- > m/TeV , (22) 

e 



for leptoquark interactions involving only the first generation. Similar bounds 
on couplings involving higher generations are even poorer. 



5 Leptoquark- Type Discrimination 



If a leptoquark is discovered someday, it is interesting to determine its nature. 
In principle, e~7 scattering may discriminate between the 24 combinations 
of the quantum numbers J, Q and P, where the latter is the chirality of the 
electron to which the leptoquark couples. For the case J = 1 we make the 
distinction between gauge and non-gauge leptoquarks. 

It is of course trivial to determine P by switching the polarization of the elec- 
tron beam. Similarly, it is almost as easy to distinguish scalars from vectors. 
Indeed, as can be inferred from Eqs (ITTJ) and from Fig. all threshold cross 
sections are very sensitive to the relative electron and photon polarizations. 
Since this effect works in opposite directions for J = and J = 1, a simple 
photon polarization flip upon discovery should suffice to determine the spin 
of the discovered leptoquarks. 
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Determining the other quantum numbers, unfortunately, is not as easy. In 
practice this task is not facilitated by the fact all the different models involving 
leptoquarks predict very different values for their couplings to leptons and 
quarks, if at all. Basically, we have no idea what to expect. Fig. |3] indicates 
that it may be possible to discriminate some of the different vector leptoquarks, 
by combining the information gathered from polarization flips and an energy 
scan. It will, however, be exceedingly difficult to differentiate for instance the 
different scalar leptoquarks from eachother using the information from total 
cross sections alone. 

Much more discriminating power can be obtained from the differential dis- 
tributions, though. We do not report their long analytical forms here. As it 
turns out, the interferences between the different channels result into rather 
complex angular dependences of the cross sections. There are even radiation 
zeros for the reactions involving scalar and Yang-Mills leptoquarks of charges 
-1/3 and -2/3. Note that in the cross-channel reaction e~q — > LQ'-f these ra- 
diation zeros occur for the scalar and Yang-Mills leptoquarks of charges -4/3 
and -5/3 §. 

These very salient features could well be observed away from threshold, where 
the li-channel pole is no longer so dominant. Of course, the convolution with 
the photon energy and polarization spectra washes out to some extent these 
prominent features. But, as can be gathered from Fig. [5], even so the angular 
distributions of the different leptoquarks retain their distinctive characteris- 
tics. In this figure, we have considered 400 GeV leptoquarks produced at a 1 
TeV collider. 

To roughly estimate the e~7 potential for discriminating the different types of 
leptoquarks, we compare these differential distributions with a Kolmogorov- 
Smirnov test. Say a and b are two different kinds of leptoquarks and a is the 
one which is observed. The probability that b could be mistaken for a is related 
to the statistic 



D = J N a sup 



1 f d6^-±[d6 dab 



a a J d9 <Jb J d9 



(23) 



where 6 is the polar angle of the leptoquark and N a = Ca a is the number of 
observed events. 

Focusing on the case of Fig. ||, where a 400 GeV leptoquark is studied at a 1 
TeV collider, Tables [I] and ^| summarize the minimal values of 

- 

e v 

needed to tell apart two different types of leptoquarks with 99.9% confidence, 
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i.e., setting D = 1.95 in Eq. (0). Assuming each combination of electron 
and photon polarizations has accumulated 50 fb" 1 of data, some leptoquark 
types have so different angular distributions that a coupling as small as A = 
.0085e is quite sufficient to tell them apart. Others need as much as A = .31e. 
Obviously, these numbers are only valid for this particular choice of leptoquark 
mass and collider energy, and could be improved with a more sophisticated 
analysis. Nevertheless, they should be indicative of what resolving power an 
e~7 scattering experiment can achieve. 



6 Conclusions 

We have studied leptoquark production in the e~7 mode of a linear collider 
of the next generation. To perform this analysis, we have considered all types 
of scalar and vector leptoquarks, whose interactions with leptons and quarks 
conserve lepton and baryon number and are invariant under the standard 
model SU(3) C <8> SU(2)l <%> U(l)y gauge group. For the vectors we distinguish 
between leptoquarks which couple minimally to photons and Yang-Mills fields. 

The advantage of an e~7 experiment over, e.g., e + e~ annihilation is that 
the leptoquarks need not be produced in pairs. Hence higher masses can be 
explored. The disadvantage is that the e~7 reactions proceed only via the a 
priori unknown leptoquark-lepton-quark couplings. 

The standard model backgrounds can be reduced to almost zero by simple 
kinematical cuts, and the discovery potential is conveniently summarized by 
the scaling relation Eq. (pip. The spin of the leptoquarks can easily be deter- 
mined at threshold by inverting the polarization of the photon beam. More- 
over, each leptoquark type displays very characteristic angular distributions, 
some of which having even radiation zeros. Therefore, the prospects for dis- 
criminating different leptoquarks of the same spin can be greatly enhanced by 
studying angular correlations. 

All our results have been obtained with a realistic electron beam polarization 
and Compton backscattered photon spectra. 
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Smallest values of \/e\J ' C/Po^ 1 which allow discriminating with 99.9% confidence 
two different 400 GeV scalar leptoquarks at a 1 TeV collider. The leptoquarks listed 
in the rows are assumed to produce the data, whereas those listed in the columns 
are tested against this data. 
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Table 2 

Same as Table [l] for the vector leptoquarks. Scalar and vector leptoquarks can 
easily be told apart by flipping the laser polarization at threshold. 
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Fig. 1. Lowest order Feynman diagrams for the production of F = (upper graphs) 
and F = 2 (lower graphs) leptoquarks. 
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Fig. 2. Back-scattered photon energy spectrum, polarization and polar angle as 
functions of x = E^/Ebcam for three different combinations of beam polarizations. 
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Fig. 3. Dependence of the leptoquark production cross section on the collider energy. 
The leptoquark mass is 400 GeV. The electron beams are 90% polarized (\P e \ = -9). 
The polarization of the photons depends on their energy fraction and is given by 
Eq. ( Jl9| ) . The solid curves correspond to the choice of photon and electron polariza- 
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Fig. 4. Loci of a{J = 1, Q = —5/3) = 1 fb as a function of the leptoquark mass and 
coupling to fermions. The polarizations are \P e \ = .9 and (P e P 7 ) > 0. The collider 



energies are from left to right .5, 1, 
given by Eq. 



1.5 and 2 TeV. The thinner osculating line is 
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Fig. 5. Angular distribution of the leptoquark production cross section. The plotted 
angle is spanning the directions of the incoming electron and the outgoing lepto- 
auark. The collider enererv is 1 TeV and the leDtoauark mass is 400 GeV. The codine 



